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Minimal Supersymmetric Standard Model
Hierarchy Problem Grand Unification

The Higgs mass is quadratically sensitive to heavy physics:

SM

MSSM

SUSY stabilizes the hierarchy:



• In the SM, the Higgs quartic λ is a free parameter.  The 
physical Higgs mass is mh

2 = λ v2.

• Remarkably, in the MSSM λ is not a free parameter:

• This results in a tree-level prediction for mh:

• This is corrected at one-loop by top/stop:

SUSY Light Higgs Mass
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LEP II

• LEP II rules out

• The boundary on the right is 
the MSSM upper limit, 
assuming M~1 TeV and 
maximal stop mixing.

• The dashed curves are 
hypothetical exclusions 
assuming only SM 
backgrounds.

• The MSSM lives in the white 
sliver.



SUSY Little Hierarchy 
Problem

• This is the  “SUSY Little Hierarchy Problem”.

• mh is consistent with LEP-II only if stops are heavy:

• But this contributes to the soft mass, destabilizing the weak scale:

• To arrange for v, one fine-tunes μ to the % level:

• Unlike the usual MSSM problems (i.e. flavor), this has nothing to do with SUSY 
breaking.  It is an aspect of the MSSM itself.

draw significant inspiration from recent proposals to fuse
supersymmetry with technicolor [8, 9], and indeed in
our model electroweak symmetry is broken dynamically.
However, we have physical (composite) Higgs fields in the
low energy effective theory with no a priori restriction
on the scale of strong coupling, reminiscent of the older
non-supersymmetric composite Higgs models [10] (but
without the associated fine-tuning problems).

The outline of this paper is as follows. We first discuss
the supersymmetric little hierarchy problem in Sec. II,
and emphasize that a heavier Higgs mass easily solves
this problem. We then construct our supersymmetric
composite Higgs theory in Sec. III. Our basic frame-
work is a three-flavor SU(2)H theory that s-confines,
resulting in a low energy effective Lagrangian containing
a dynamically generated superpotential of composite
mesons. By introducing a mass for one flavor below the
compositeness scale, we show that the mesons acquire
expectation values that break electroweak symmetry at
a scale that is tunable through this mass parameter. In
Sec. IV we demonstrate how the various energy scales can
be naturally obtained from the supersymmetry breaking,
and in Sec. V we show how fermion masses and mixings
can be incorporated. We calculate the scalar spectrum
in Sec. VI. In Sec. VII we briefly comment on the new
phenomenology of this model, emphasizing the unusual
scalar spectrum. Sec. VIII explains how gauge coupling
unification can be preserved. Finally, we conclude with
a discussion in Sec. IX.

II. SUPERSYMMETRIC LITTLE HIERARCHY
PROBLEM

In this section we define the supersymmetric little
hierarchy problem and propose a simple but unconven-
tional way out. The problem is that the conventional
supersymmetric theories are increasingly fine-tuned since
the Higgs boson and/or charginos have not yet been
discovered. We point out that a composite Higgs will
solve this problem easily once a suitable UV completion
is found.

The MSSM provides a simple way to understand elec-
troweak symmetry breaking (see, e.g., [11] for a review).
In the supersymmetric limit, electroweak symmetry is
not broken. Therefore, electroweak breaking is solely
due to the soft supersymmetry breaking effects. It
arises from the renormalization of the up-type Higgs soft
mass-squared that is driven negative by the top Yukawa
coupling. At the one-loop approximation, one finds

∆m2
Hu

∼ −12
h2

t

16π2
m2

t̃ log
MUV

µIR
, (1)

where MUV (µIR) is the UV (IR) cutoff and ht is the
top Yukawa coupling. Even with the universal boundary
condition mt̃ = mHu

, it is easy to see that a large loga-
rithm between the weak scale and, say, the GUT-scale
makes m2

Hu
negative. Assuming the supersymmetric

mass µ for the Higgs doublets is smaller in magnitude
than mHu

, electroweak symmetry is broken. This so-
called radiative breaking of the electroweak symmetry is
a very nice feature of the MSSM.

However, the phenomenological situation is forcing
some degree of fine-tuning on the MSSM in the following
fashion. First of all, the Higgs quartic coupling is given
only by D-terms that are determined by the electroweak
gauge couplings

VD =
g2 + g′2

8
(|Hu|2 − |Hd|2)2. (2)

This implies the natural scale for the Higgs boson mass
is mZ , and indeed there is a well-known tree-level upper
limit on the lightest Higgs mass that is precisely mZ .
The only way to increase the Higgs mass is by using the
O(h4

t ) radiative correction to the Higgs quartic coupling.
The approximate formula valid for a moderate tanβ is

m2
h0 # m2

Z +
3

4π2
h4

t v
2 log

mt̃1mt̃2

m2
t

. (3)

Here, v = 174 GeV. Because the Higgs boson has
not been found up to 115 GeV, this implies mt̃

>∼
500 GeV. On the other hand, the minimization of the
scalar potential leads to

1

2
m2

Z = −µ2 −
m2

Hu
tan2 β − m2

Hd

tan2 β − 1
# −µ2 − m2

Hu
, (4)

again for moderate tanβ. Therefore we need to fine-tune
the bare m2

Hu
and/or µ against the radiative correction

in Eq. (1) at the level of

|∆m2
Hu

|
m2

Z/2
∼ 4.8

( mt̃

500 GeV

)2
log

MUV

µIR
. (5)

Even for a low UV scale of MUV = 100 TeV, this already
requires a fine-tuning of 3%.

In addition, the null results from searches for charginos
at LEP-II gives a lower bound M2

>∼ 100 GeV. Assuming
a GUT relation among the gaugino masses, this implies
M3

>∼ 350 GeV. Because M3 feeds into mt̃ through
renormalization group evolution, this then feeds into
m2

Hu
, aggravating the situation. Moreover, the MSSM

potential is rather delicate due to the possible instability
along the D-flat direction Hu = Hd.

The situation would clearly be better if the tree-
level Higgs mass could be raised above the LEP bound.
Modifying Eq. (4), however, necessarily involves ad-
ditional contributions to the Higgs potential that are
not related to the SM gauge couplings. Furthermore,
reducing the need for (s)top contributions to electroweak
symmetry breaking and the Higgs mass, Eqs. (1) and (3)
respectively, may help reduce the fine tuning required.
We will see that the Fat Higgs model we propose in this
paper achieves both of these aims.

The simplest extension of the MSSM that raises the
tree-level Higgs mass is the NMSSM. In the NMSSM the
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NMSSM
• One way to increase the Higgs mass 

is to consider the Next to Minimal 
Supersymmetric Standard Model.

• We add a singlet S with super-
potential:

• λ is now a free parameter.

• The effective quartic is:

• Howevers, λ blows up in the UV, 
and perturbativity to the GUT scale 
implies that mh is less than about 
150 GeV.

• Or, mh can be larger provided there 
is new physics at some intermediate 
scale.



Fat Higgs

• The Fat Higgs interprets the Landau 
pole as a compositeness scale.

• The theory is NMSSM-like below the 
compositeness scale, with the 
Higgses a set of composite fields 
resulting from a confining SUSY    
SU(2) gauge theory.

• The Higgs quartic is part of the 
dynamical super-potential generated 
by the SU(2) confining dynamics.  It 
is analogous to the pion-nucleon 
interaction of ordinary QCD.

• The electroweak symmetry is 
broken even in the supersymmetric 
limit because the singlet field has a 
tadpole:

Harnik, Kribs, Larson, Murayama, hep-ph/0311349 



Top Yukawa
• The large top Yukawa is a challenge for the Fat Higgs.

• The top (and all of the fermions) is a fundamental object, 
and it must couple to the Higgs through higher 
dimensional operators, because the Higgs is composite.

• The original Fat Higgs induces such a coupling by 
integrating out a vector-like pair of “spectator Higgses”.

• For a light fermion mass, this works fine.  Small effective 
Yukawa interactions are naturally explained for weak 
couplings and large masses of the spectator Higgses.

• For the top quark, this is problematic.  The couplings y 
and y’ must be very strong in order to reproduce the 
observed top mass.  Such strong couplings at best require 
strange tunings of in principle unrelated quantities.  At 
worst, they could disturb the solution of the strong SU(2) 
confinement, and cast doubts on the analysis of the 
spectrum and dynamically induced couplings.

P1

P2

Q3

tR

H! H!{H
Figure 1: Example graph for how the top Yukawa coupling is generated in the Fat Higgs model by
integrating out a pair of Higgs-like superfields (H

′

, H ′) to generate a non-renormalizable interaction
between preons (P1 and P2) bound into a composite Higgs H .

MH to be close to one another (which is somewhat counter-intuitive since they are in

principal unrelated to one another, though it was argued in [7] that the coincidence of

scales could arise from a flavor symmetry) and that the underlying y and y′ be large at Λ

to compensate for the 4π. This last fact is also potentially a source of fine-tuning. The

strong SU(2) tries to renormalize y and y′ strong at low energies. This is helpful in that it

compensates the suppression, but dangerous because a large super-potential coupling may

ruin the conformal regime of the theory above Λ.

While it is possible that interesting (and phenomenologically viable) low energy dy-

namics would emerge in this case, the additional strong y (and/or in generalizations y′)

couplings potentially disrupt the low energy s-confinement solution, and makes it difficult

to draw firm conclusions about the low energy physics. One is thus forced to assume that

y and y′ become moderately strong, but do not quite reach truly strong coupling before

the s-confinement scale. Another way to consider the tension is to note1 that one must

tune the original y and y′ to some very particular values in the UV such that they become

large enough (but not too large) at Λ. The “New Fat Higgs” [8] avoids this issue for the

top Yukawa, because in that case the EW Higgses and the quarks are fundamental. Thus,

the strong SU(4) does not effectively drive that interaction strong at low energies. How-

ever, it recreates the problem for the Higgs quartic itself, because now the quartic links

the composite EW singlet S to the fundamental EW Higgses H and H, and thus feels the

same sort of tension when one tries to obtain a large Higgs quartic.

In this article, we explore a new incarnation of the Fat Higgs. Our theory is an SU(3)s
SUSY gauge theory which s-confines, producing a composite singlet S and doublets H and

H as in the original Fat Higgs. However, the additional preons are arranged such that

they also produce a composite third generation quark doublet (Q3) and up-type singlet

(tR). The dynamically generated super-potential contains the terms needed for FH-style

EWSB, but it also includes the top Yukawa coupling. Since all fields requiring large Yukawa

interactions are composite, we have removed the need for strong underlying Yukawa inter-

actions, and thus the danger that the low energy physics could be spoiled by out-of-control

1We are indebted to Kaustubh Agashe for discussions on this point.
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1. Introduction

Supersymmetry (SUSY) is the most cherished and best studied vision of physics beyond

the Standard Model (SM). SUSY tames the quadratic divergences that destabilize the

electroweak (EW) scale, and results in a host of new particles which should be discovered

in the near future if the SUSY vision of particle physics should prove correct.

However, LEP-II has left the minimal supersymmetric standard model (MSSM) in an

interesting situation [1]. The minimal model predicts a light Higgs whose tree-level mass

is at most MZ , in contradiction with the LEP-II limit of M (SM)
h ≥ 115 GeV. In order to

survive the LEP limit, one must either invoke very large radiative corrections from the top

sector [2], CP violation chosen in a very particular way [3], or abandon the minimal model

in favor of more ingredients [4, 5, 6, 7, 8, 9, 10]. The invocation of large radiative corrections

is particularly troublesome, because this tends to introduce unacceptably large corrections

to the EW scale, recreating a “little hierarchy problem”. While there is some uncertainty

in the estimates for the lightest CP even Higgs mass originating in the uncertainty in

measured top mass, it appears that the MSSM requires fine-tuning at the level of a few

per cent if it is to be consistent with LEP data, and is uncomfortably fine-tuned. This is

the “Supersymmetric Little Hierarchy Problem”.

The Fat Higgs (FH) [7] is a particular, interesting solution to this dilemma. It proposes

an alternative to the standard MSSM picture of electroweak symmetry breaking (EWSB)

and results in a heavier “light” CP-even Higgs than can be realized in that standard

scenario, thus naturally evading the LEP-II bounds. It originates from an s-confining

theory, in which a number of fundamental preons charged under a strong SU(2) form

Higgs bosons as composites. A variation [8] has a composite singlet from an s-confining

SU(4) theory, but the EWSB Higgses are fundamentals. Both theories have interesting

distinctive SUSY Higgs phenomenology [6, 7], largely due to the fact that the Higgs quartic

interaction may be much larger than is suggested by perturbative unification [11].

Both of these FH theories are challenged in producing large Yukawa interactions. The

original FH must generate fermion masses through Yukawa interactions which couple the

composite H and H to the fundamental quarks and leptons. At the level of the preons,

this is a non-renormalizable super-potential coupling, which the original FH generates from

renormalizable interactions by integrating out a pair of Higgs-like fields uncharged under

the strong SU(2) (see Figure 1). The resulting Yukawas thus depend on fundamental

parameters as,

yeff ∼
yy′

4π

Λ

MH
(1.1)

in which y, y′ are Yukawas between the preons and/or fundamental fermion superfields

(at the compositeness scale Λ), 4π is the naive dimensional analysis (NDA) counting [12]

for the coupling of a composite to fundamental fields, Λ is the scale of s-confinement of

the strong SU(2) and MH is the (supersymmetric) mass of the Higgs-like fields. For the

light fermions, this is not problematic. Small fermion masses are easily realized. For the

top quark, producing a Yukawa coupling of order one requires tuning the scales Λ and
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A Fat Top!
• An obvious solution would be to have the 

top result from the same confining 
dynamics that produced the Higgs.

• The top Yukawa would then be part of the 
dynamical super-potential, and we would 
expect it to be large at the confinement 
scale.

• (Of course, it will be driven toward the 
quasi-IR fixed point at lower energies).

• We expand the confining gauge group to 
SU(3), and charge the preons under the 
MSSM gauge groups such that the Higgses, 
singlet, and left- and right-handed top quark 
are among the composite spectrum.

• The composites include all of the desired 
fields, as well as some new exotic states not 
present in the MSSM.  Some get masses 
only through EWSB and should be light 
(~200 GeV).

SU(3)s SU(3)c SU(2)W U(1)Y Z2

P3 1 0 +

P1 1 1 −2/3 −
P 2 1 +1/6 −
P 1 1 1 +2/3 +

P 1̃ 1 1 −1/3 −
P ′ 1 1 +1/3 −
P

′
1 1 −1/3 −

Table 1: The SU(3)s-charged Preons. The first set are those participating in the s-confining phase.
The second category are integrated out, triggering s-confinement.

non-perturbative couplings. Furthermore, while we will still need to invoke massive fields

to generate the Yukawa interactions of the light fermions, there is considerably less need

to fine-tune the mass of these “spectator” superfields (MH) to the s-confinement scale Λ,

and/or invoke underlying super-potential couplings which are dangerously large.

In Sec. 2, we present the model and show how it gives rise to all of the required low en-

ergy structure of the MSSM. In Sec. 3, we address some of the issues regarding high energy

gauge coupling unification. In Sec. 4 we discuss some of the distinctive phenomenology.

And in Sec. 5 we conclude.

2. An SU(3) Model

Our model has an extended gauge symmetry,

SU(3)s × SU(3)c × SU(2)W × U(1)Y . (2.1)

SU(3)s is a “strong” group which will be responsible for generating the MSSM Higgses, a

Fat-Higgs like singlet, and top from a set of preons, and the remaining gauge groups are

as in the MSSM. The particle content charged under SU(3)s consists of a set of preons

listed in Table 1. Since the matter is vector-like with respect to SU(3)s, we follow the

usual fashion and refer to it as a “SUSY QCD” theory, but this should not be confused

with the usual color interaction of the MSSM, SU(3)c. Note that the MSSM gauge groups

are gauged sub-groups of the SU(F ) × SU(F ) × U(1)B chiral symmetries. The set of

preons is non-anomalous (in fact, it is vector-like) with respect to SU(3)s, and there are

no mixed anomalies between SU(3)s and the MSSM gauge groups. However, the MSSM

gauge symmetries are anomalous with respect to themselves. This is in fact related to the

point that the strong sector will eventually give rise to a composite Q3, tR, H, S and H,

but not to bR, L3, or e3. Thus, we introduce a set of fundamental fields uncharged under

SU(3)s in Table 2. The first and second generation superfields appear as fundamental

fields, as in the MSSM. Also indicated are the charges of the fields under a Z2 “R-parity”

which plays the same role to suppress dangerous renormalizable baryon- and lepton-number

violating processes as it does in the MSSM. The assignment of preon hypercharges is not

completely determined by requiring the correct hypercharges for the composites, and the
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SU(3)c SU(2)W U(1)Y Z2

B1 ↔ tR P3P3P1 1 −2/3 −
B2 ↔ S P3P3P3 1 1 0 +

B1 ↔ H P 2P 1P 1̃ 1 +1/2 +

B2 ↔ ψ P 2P 2P 1 1 1 +1 +

B3 ↔ χ P 2P 2P 1̃ 1 1 0 −
M1 ↔ Q3 P3P 2 +1/6 −
M2 ↔ q1 P3P 1 1 +2/3 +

M3 ↔ q2 P3P 1̃ 1 −1/3 −
M4 ↔ H P1P 2 1 −1/2 +

M5 ↔ χ P1P 1 1 1 0 −
M6 ↔ ψ P1P 1̃ 1 1 −1 +

Table 3: Composites of the SU(3) model.

where in the second line we rescaled the baryons and mesons to canonically normalized

superfields. It will not be very important for our purposes, but we note for completeness

that one may express the irrelevant interactions as,

det M = εijεαβγ

(
H

i
Qαj

3 qβ
1 qγ

2 + χQαi
3 Qβj

3 qγ
2 + ψQαi

3 Qβj
3 qγ

1

)
, (2.6)

suppressed by the confinement scale λ/Λ. We have also provided the naive dimensional

analysis (NDA) estimate for the coupling λ ∼ 4π [12]. Thus, this model dynamically

generates the Fat Higgs sector and super-potential, along with the top Yukawa coupling

and some exotic interactions with exotic superfields. Note that the exotics occur in pairs

in these interactions, because they arise exclusively from composites which include an odd

number of P 1 and P 1̃.

We shall see below that q1 and q2 receive masses of order Λ. Thus, below Λ the relevant

couplings in (2.5) are the top Yukawa yt, the SHH interaction λH , the Sψψ interaction

λψ, and the Sχχ interaction λχ. All of these are equal and of order λ ∼ 4π at the scale Λ,

but because the q′s decouple at that scale, and because of our having gauged subgroups of

the chiral symmetries of the SUSY QCD theory, they evolve apart at lower energies.

In order to discuss the top mass and EWSB, these should be evolved down to energy

scales of order the electroweak scale v. At one-loop, below Λ, the dominant renormalization

effects are from yt, and λ(H,ψ,χ) themselves, and from the SU(3)c coupling g3. The one

loop renormalization group equations (RGEs) are

dg3

dt
= −

3

16π2
g3
3 (2.7)

dyt

dt
=

yt

16π2

[
6|yt|2 + |λH |2 −

16

3
g3
3

]
(2.8)

dλH

dt
=

λH

16π2

[
3|yt|2 + 4|λH |2 + |λψ|2 + |λχ|2

]
(2.9)

dλψ

dt
=

λψ

16π2

[
2|λH |2 + 3|λψ |2 + |λχ|2

]
(2.10)
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Sample Higgs Spectrum
• Higgs Masses:

• CP even Higgses from 
diagonalizing a 3 x 3 matrix 
including the singlet, but for 
simplicity we take it heavy so it 
decouples, leaving a modified 
MSSM-like spectrum.
• We include one loop corrections 
from top/stop, though we choose 
smallish stop masses (~ 250 GeV) 
so these are not important.
• Charged Higgs Mass:

• The result is an interesting Higgs 
spectrum with H+ often as the lightest 
Higgs – impossible for allowed NMSSM 
parameters.

• For lower MA, the heavier CP even 
Higgs is the SM-like one, mostly 
responsible for EWSB.

One loop
Mstop ~ 250 GeV



Collider Signatures
• The exotic quasi-stable objects are an 

interesting signature of this model.

• They get masses from EWSB, and thus 
are of order v.

• One set has charge Q=±1, resulting in 
charged tracks which escape from the 
detector before decaying outside of it.

• They can be discovered at the 
Tevatron and LHC for a wide range of 
masses.

• Run II (with 2 fb-1) expects to see 
charged quasi-stable particles provided 
their production cross sections are 
greater than about 10 fb.



Conclusions

• The Fat Higgs is a solution to the SUSY Little Hierarchy problem 
which proposes the MSSM Higgses are composites.

• It has some distinctive phenomenology, but has difficulty realizing the 
large top quark mass.

• A new version of the model described here has the top part of the 
composite sector as well, motivating the large top mass.

• The result is interesting and distinctive departures from MSSM Higgs 
phenomenology.

• New exotic quasi-stable states carrying electric charge are predicted 
and may be discovered at the Tevatron or LHC. 



Supplementary



Fundamental Fields
SU(3)s SU(3)c SU(2)W U(1)Y Z2

Li 1 1 −1/2 −
ei 1 1 1 +1 −
Q1,2 1 +1/6 −
di 1 1 +1/3 −
u1,2 1 1 −2/3 −
q1 1 1 −2/3 +

q2 1 1 +1/3 −
H ′ 1 1 +1/2 +

H
′

1 1 −1/2 +

Table 2: Additional fundamental fields for the SU(3) model. The index i = 1, 2, 3 denotes the
usual generation number.

particular choice we make is based partly on aesthetics (requiring that all exotic colored

particles have charges ±1/3 or ±2/3 and all exotic uncolored particles have charges ±1

or zero), and partly motivated by gauge coupling unification as we shall see below. Many

fundamental Yukawa interactions can be formed out of these fields. To preserve readability,

we discuss these in groups in the subsections below.

This theory is SUSY SU(3) QCD with 5 flavors, which is inside the conformal window

[13]. From any value of the SU(3)s gauge coupling at very high scales, it flows (assuming,

as we will do so, that all of the fundamental Yukawa interactions are not strong enough to

disrupt the approximate scale-invariance) at lower scales to the fixed point at,

g2
∗ "

4π2

3
(2.2)

We include a super-potential mass for P ′ (and for the uncolored H ′),

Wm = MP P
′
P ′ + MHH

′
H ′. (2.3)

Below MP , the P ′, P
′

flavor may be integrated out and the theory loses conformality,

flowing to an s-confining phase [14]. We denote the confinement scale by Λ, and estimate

from the large fixed point coupling g∗ that the two scales are approximately equal,

Λ " MP . (2.4)

The scale MP must be input by hand, and determines the strong coupling scale Λ.

2.1 Composites and Dynamical Super-potential

Below the confinement scale, the theory can be described by composite SU(3)s-invariant

mesons (M) and baryons (B, B), listed in Table 3. A dynamical super-potential is gener-

ated with form,

Wdyn =
1

Λ5

{
BMB − det M

}

→ λ

{
HQ3tR + HHS + ψq2tR + ψψS + χχS + χq1tR −

λ

Λ
detM

}
, (2.5)
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We include the first and second generations (and right-handed bottom 
and 3rd family leptons) as fundamental fields.  In addition, a pair of 
quark-like objects cancels anomalies (but will get masses of order the 
confinement scale), and a pair of Higgs-like objects helps us generate all 
needed Yukawa interactions.



RGEs
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Figure 2: The RGE evolution from λ = 1000 TeV to v of the strong coupling g3 (solid curve),
top Yukawa interaction yt (dashed curve), SHH interaction λH (dotted curve), and Sψψ and Sχχ
interactions λψ and λχ (dot-dashed curve).

dλχ

dt
=

λχ

16π2

[
2|λH |2 + 3|λχ|2 + |λψ|2

]
(2.11)

where t is the renormalization scale t ≡ log µR. Since λψ = λχ at scale Λ, these coupling

strengths will remain equal up to very small effects from the different hypercharges of ψ

and χ.

The fact that the top mass has been measured at the Tevatron [15] allows us to

approximately fix Λ, up to the choice of tan β. As values of tan β ∼ 1 result in the largest

light CP even Higgs masses, we make this choice for which the target yt is about
√

2.

Solving the coupled equations numerically and imposing this requirement fixes Λ ∼ 104×v

(i.e. Λ ∼ 1000 TeV), and predicts that λH will be somewhat less than yt itself. An example

is shown in figure 2. Note that there are order one uncertainties in λ(Λ), which could easily

modify our estimate for Λ by an order of magnitude2. Irrespectively, the prediction that

2There are also order one uncertainties in the RGE evolution from higher orders close to scale Λ, where

the couplings are strong, as well.
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tan β = 1


